Introduction 32
There is a tacit assumption in much of modern neuroscience that brain structure and function are 33 largely conserved between rodents and humans. However, the limited success in translating findings 34 from rodent models of disease into effective new treatments for human disease implores us to re-35 examine this assumption 1,2 . In this regard, direct measurement of the functional properties of the 36 human brain at the resolution of cell types and circuits is invaluable and absolutely necessary to 37 delineate what features are conserved or not relative to the ubiquitously studied rodent brain. 38
39
One promising avenue to advance our knowledge on this topic has been the use of ex vivo brain slices 40 derived from adult human neurosurgically-excised tissue to probe the structure and function of living 41 human neurons and synapses by applying standard procedures originally optimized for rodent 42 neurophysiology research [3] [4] [5] . A number of differences have been described between the human and 43 rodent brain in support of functional divergence, including distinctive synaptic transmission and 44 plasticity mechanisms 6-8 , differential effects of neuromodulators 9 , unique cell types 10,11 , and 45 provocative evidence of a lower specific membrane capacitance of human pyramidal neurons 12 . 46 Collectively, these findings highlight some overt and important limitations of animal model research for 47 understanding the human brain. Thus, more functional studies on human ex vivo brain specimens are 48 warranted in order to provide a critical knowledge base to better guide translational research towards 49 more effective treatments for a wide range of human neurological and psychiatric disorders. 50 51 Efforts to diversify and extend the uses of adult human ex vivo brain slices could prove transformative, 52 particularly given that availability of this precious biological material is limited and likely declining with 53 increasing prevalence of less invasive neurosurgical techniques 13 . One notable limitation of human ex 54 vivo brain slice studies to date has been the inability to leverage molecular genetic tools to 55 prospectively mark, monitor, and manipulate cell types to more precisely explore their functional 56 properties and contributions within brain circuits. In contrast, the extensive and diverse repertoire of 57 molecular genetic tools and strategies applicable to the mouse has enabled and accelerated new 58 insights into the role of specific cell types within brain circuits, functional connectivity, and the circuitry 59 basis of behavior 14, 15 . Earlier efforts to achieve genetic labeling in human brain slices showed limited 60 promise due to poor tissue viability 16, 17 , or limited evidence to demonstrate functional integrity of 61 transduced neurons 18 . However, more recent efforts have achieved prolonged culture of adult human 62 ex vivo brain slices that retain intact electrophysiological function 19, 20 and, in a separate study, a first 63 demonstration of viral genetic labeling for optical control of human neuron firing using lentivirus to 64 express Channelrhodopsin-2 (ChR2) 21 . This notable breakthrough suggests that systematic genetic 65 targeting and functional dissection of human brain cell types and circuits may be more tractable than 66 previously thought, at least for those brain regions removed during surgical procedures and deemed 67 suitable for research purposes. 68 69 Despite these recent advances, most of the evidence has been largely qualitative, with only limited 70 examples provided. As such, important questions remain about the use of cultured and virally-71 transduced adult human brain slices. How robust are these cultures, and how well preserved are 72 structure and function relative to the gold-standard acute brain slice? The answers to these questions 73 are crucial to understanding the validity, utility, and limitations of the system for deriving new 74 knowledge about human brain cell types and circuit function. Here we adapt a brain slice protocol 75 originally optimized for mature adult rodent brain tissue 22 and provide direct quantitative evidence 76 substantiating the robustness and exceptional viability of adult human ex vivo brain slices maintained 77 in vitro, including evidence that layer organization and neuronal function are well-preserved over early 78 culture times. We also demonstrate rapid virus-mediated transgene expression using Herpes Simplex 79
Virus type 1 (HSV-1) amplicon vectors 23 All experiments and methods were performed in accordance with the relevant guidelines and 91 regulations. The patient cohort included both temporal lobe epilepsy and deep brain tumor patients. 92
This study covers 25 surgical cases (19 epilepsy and 6 tumor resections), with an average patient age of 93 39.9 years old and a range from 19-75 years old. Of these 25 patients, 9 are male and 16 are female. 94
Twenty-one specimens were derived from the temporal lobe, 3 specimens from the frontal lobe, and 1 95 specimen from the parietal lobe. Neocortical tissue was surgically excised to gain access to deeper 96 pathological brain tissue targeted for resection. The resected neocortical brain tissue was distal to the 97 core pathological tissue and thus deemed suitable for research purposes and not of diagnostic value. 98
In one case, we obtained hippocampal tissue in addition to the temporal lobe tissue from a temporal 99 lobe epilepsy patient. Every effort was made to ensure clean scalpel cuts at the margins of the 100 resected tissue and to avoid electrocautery unless deemed absolutely necessary. To the extent 101 possible, the scalpel incisions were perpendicular to the pial surface with the intent to avoid crude 102 transection of neuronal morphology across the cortical depth. The typical size of neocortical excisions 103 from epilepsy surgeries is approximately 1cm 3 , which, after accounting for trimming steps and 104 reserving adequate material for post-hoc histological assessments, can yield approximately 20 viable 105 slices for electrophysiology. Tumor surgery-derived specimens are far more variable in size, but most 106 always are smaller as compared to excisions from epilepsy surgeries. Surgically excised specimens 107 were immediately placed in a sterile container filled with N-methyl-D-glucamine (NMDG) substituted 108 artificial cerebrospinal fluid (aCSF) of the following composition (in mM): 92 NMDG, 2.5 KCl, 1.25 109 NaH2PO4, 30 NaHCO3, 20 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 25 glucose, 2 110 thiourea, 5 Na-ascorbate, 3 Na-pyruvate, 0.5 CaCl2·4H2O and 10 MgSO4·7H2O. The pH of the NMDG 111 aCSF was titrated pH to 7.3-7.4 with concentrated hydrochloric acid and the osmolality was 300-305 112 mOsmoles/Kg. The solution was pre-chilled to 2-4°C and thoroughly bubbled with carbogen (95% 113 O2/5% CO2) gas prior to collection. The tissue was quickly transported from the operating room to the 114 laboratory site while maintaining constant carbogenation throughout. Transport time from the 115 operating room to the laboratory was between 14-40 min. 116 117 Acute human ex vivo brain slice preparation 118
The surgical specimens were closely examined to determine the optimal strategy for blocking and 119 mounting on the vibrating microtome platform. Tissue blocks were trimmed and mounted such that 120 the angle of slicing was perpendicular to the pial surface. This ensures that the dendrites of large 121 pyramidal neurons are preserved relatively intact. No effort was made to remove the pia mater, as 122 this procedure greatly prolongs the processing time and risks damage to the underlying grey matter. 123
Slices of 350 µm thickness were prepared on a Compresstome VF-200 slicer machine (Precisionary 124
Instruments) using the NMDG protective recovery method 22,24 and either a zirconium ceramic injector 125 blade (EF-INZ10, Cadence) or a sapphire knife (93060, Electron Microscopy Sciences). The slicing 126 solution was NMDG aCSF as above for transport. The slices were transferred into a recovery chamber 127 filled with NMDG aCSF at 32-34°C and continuously bubbled with carbogen gas. After a 12 min 128 recovery incubation, the slices were transferred into a Brain Slice Keeper-4 holding chamber 129 (Automate Scientific; see also 22 for more details on chamber design) containing, at room-temperature, 130 carbogenated 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) aCSF of the following 131 composition: 92 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM 132 glucose, 2 mM thiourea, 5 mM Na-ascorbate, 3 mM Na-pyruvate, 2 mM CaCl2·4H2O and 2 mM 133
MgSO4·7H2O. Slices were stored for 1-75 hours with minimal submersion (~2 mm depth from the air-134 liquid interface) on soft nylon netting before transfer to the recording chamber for patch clamp 135 recording. For prolonged slice incubation times beyond 12 hours in the holding chamber, the HEPES 136 aCSF was refreshed every 12 hours and the Brain Slice Keeper-4 holding chamber was thoroughly 137 cleaned to mitigate bacterial growth and slice deterioration. The inclusion of 20 mM HEPES in the aCSF 138 formulations (with concomitant increase in NaHCO3) was important to ensure adequate pH buffering 139 and to additionally reduce edema over extended periods of time with the slices in the holding chamber 140 22, 25 . The osmolality of all solutions was measured at 300-310 mOsmoles/Kg. 141
142
Human ex vivo brain slice cultures 143
The adult human ex vivo brain slice culture method was modified based on existing procedures 144 previously optimized for juvenile rodent hippocampal slice culture and patch clamp electrophysiology 145 26 and adapted to incorporate the NMDG protective recovery method 22 . Surgical specimens were 146 processed in sterile-filtered and chilled NMDG-aCSF that was saturated with carbogen gas to maintain 147 tissue oxygenation throughout the processing steps. Slices of 300 µm thickness (as compared to 350 148 µm for acute slices above) were prepared under sterile technique in a biosafety hood using a manual 149 tissue chopper (Leica) equipped with a digital micrometer. Tissue slices were evaluated under a 150 dissecting microscope, and each individual slice was carefully separated and trimmed of any damaged 151 tissue or attached pia. The slices were then transferred into a container of sterile-filtered NMDG aCSF 152 that was pre-warmed to 32-34°C and continuously bubbled with carbogen gas. After 12 min recovery 153 incubation, the slices were transferred onto membrane inserts (PICMORG, Millipore) in 6 well culture 154 plates with 1 mL of slice culture medium underneath, and the residual liquid on the surface of the 155 slices was carefully removed by micropipette. The slice culture medium composition included 8.4 g/L 156 MEM Eagle medium, 20% heat-inactivated horse serum, 30 mM HEPES, 13 mM D-glucose, 15 mM 157 NaHCO3, 1 mM ascorbic acid, 2 mM MgSO4·7H2O, 1 mM CaCl2.4H2O, 0.5 mM GlutaMAX-I, and 1 mg/L 158 insulin, similar to a slice culture medium previously described for rodent hippocampal slice cultures 26 . 159
The slice culture medium was carefully adjusted to pH 7.2-7.3, osmolality of 300-310 mOsmoles/Kg by 160 addition of pure H2O, sterile-filtered and stored at 4°C for up to two weeks. Culture plates were placed 161 in a humidified 5% CO2 incubator at 35°C and the slice culture medium was replaced every 2-3 days 162 until end point analysis. 163 164
Patch clamp electrophysiology and live imaging 165
Human neocortical brain slices were transferred one at a time to the recording chamber of a 166 SliceScope Pro (Scientifica) upright microscope equipped with infrared differential interference 167 contrast (IR-DIC) optics and epifluorescence. The slices were perfused at a rate of 4 ml/min with 32-168 35°C carbogenated recording aCSF of the following composition: 119 mM NaCl, 2.5 mM KCl, 1.25 mM 169 NaH2PO4, 24 mM NaHCO3, 12.5 mM glucose, 2 mM CaCl2·4H2O and 2 mM MgSO4·7H2O. Whole-cell 170 patch-clamp recordings were obtained from visually identified cell bodies of neurons using borosilicate 171 glass pipettes (King Precision Glass; glass type 8250) pulled on a horizontal pipette puller (P1000, Sutter Instruments) to a resistance of 3-5.5 MΩ when filled with the internal solution containing 130 173 mM K-gluconate, 10 mM HEPES, 0.3 mM EGTA, 4 mM Mg-ATP, 0.3 mM Na2-GTP and 2 mM MgCl2. The 174 pH was adjusted to 7.3-7.4 with concentrated KOH and the osmolality was adjusted to 290 175 mOsmoles/Kg using sucrose. In some experiments, the internal solution was supplemented with 50 µM 176
Alexa 594 dye to assist with visualization of cell filling. The theoretical liquid junction potential was 177 calculated at -13 mV and was not corrected. After attaining the whole-cell current clamp mode, 178 pipette capacitance was neutralized and bridge balance applied. All recordings were carried out at 32-179 34°C with a perfusion rate of ~4 mL/min. 
Data Availability 256
The datasets generated during and/or analyzed during the current study are available from the 257 corresponding author on reasonable request. 258
Results 260
261
Extended viability of adult human ex vivo brain slices 262
The generally accepted time window for stable experimentation on rodent acute brain slices (both 263 juvenile and adult) is 6-12 hours in vitro, with electrophysiological and structural deterioration 264 observed at later times 29,30 . In the course of establishing a human ex vivo brain slice electrophysiology 265 platform, we observed that adult human ex vivo brain slices remained viable far longer than is typical 266 for rodent brain slices prepared under similar conditions. In most cases, adult human neocortical slices 267 remained viable for electrophysiological recordings with incubation in oxygenated aCSF on the bench 268 top throughout the night and into the following day. This was highly desirable given the limited 269 opportunity to obtain living human brain specimens for functional analysis. Thus, we carried out an Time points beyond 75 hours were not investigated, as it became difficult to constrain bacterial growth 287 with brain slices prepared under non-sterile conditions. Nissl staining was performed on 25 µm thick 288 sub-sections of the 5 hr and 72 hr incubated slices, which revealed that the laminar architecture was 289 well-maintained over this time frame, with no overt signs of neuron loss ( Supplementary Fig. S1 ). 290 291 Given that the surgical specimens included in this study were derived from both tumor and epilepsy 292 patients, we were interested to explore the potential impact of pathology type on neuronal properties. 293
Thus, we performed a sub-analysis of intrinsic membrane properties of neocortical neurons in acute 294 brain slices derived from tumor patients versus epilepsy patients ( Supplementary Fig. S2 ). We focused 295 on the 0-12 hr time period following brain slicing, since this was the time frame at which we had the 296 greatest sampling for both conditions (and noting that sampling of neurons from tumor cases is sparser 297 overall, and especially at longer time points, due to fewer specimens obtained in this study). The 298 median rheobase values were 150.0 pA and 212.5 pA for tumor vs epilepsy cases, respectively, and the 299 distributions in the two groups differed significantly (Mann-Whitney U = 214; n=14 neurons from 300 tumor cases and n=44 neurons from epilepsy cases; P < 0.05). The distribution of measured values for 301 all other membrane properties (RN, RMP, Sag, AP amplitude, AP threshold, AP half-width, and SFA) 302
were not significantly different between tumor and epilepsy cases (n=14 neurons from tumor cases 303 and n=44 neurons from epilepsy cases; P > 0.05). 304 305 An adult human brain slice culture platform suitable for rapid genetic labeling 306
The robustness and longevity exhibited by these human ex vivo brain slices lends naturally to 307 organotypic brain slice culture applications. We adapted a rodent hippocampal brain slice culture 308 protocol to our adult human neocortical brain slices 26 (see materials and methods for details). Under 309 these conditions, adult human ex vivo brain slices could be maintained for at least 1 week in vitro (the 310 longest time point examined in this study) in a 5% CO2 incubator at 35°C. Histological examination of 311 the cultured brain slices revealed that the laminar architecture of the neocortex remains intact, with 312 no overt signs of cell dispersion (Figure 2a ). In addition, neuronal density at 2 days in vitro (DIV), as 313 judged by immunohistochemical (IHC) staining for NeuN, was well-preserved and comparable to acute 314 slices from the same surgical specimen (Figure 2b-d) . 315 316 Quantitative descriptions of the physiological properties of adult human neurons in brain slice cultures 317 are necessary to establish the functional integrity of the platform. To directly address this point, we 318 performed whole-cell patch clamp recordings on pyramidal neurons and interneurons in human brain 319 slice cultures at 2-3 DIV (Figure 3a,b) . Intrinsic membrane properties were compared to pyramidal 320 neurons or interneurons recorded in acute (<24 hr post slicing) brain slices (Figure 3c We next explored the feasibility of genetic labeling in our culture system. We chose to focus on HSV-332 amplicons, a double-stranded enveloped DNA virus type with a well-described rapid onset of transgene 333 expression and strong neuronal tropism 23,31 . HSV-1 amplicon vectors encoding EYFP under the human 334
Synapsin-1 (hSyn1), human elongation factor 1α (hEF1α), or rat Calcium/calmodulin-dependent protein 335 kinase type II alpha (CaMKIIα) promoter fragments were applied directly to the surface of the slices on 336 the day of culturing. Viral transduction efficiency and reporter transgene expression was assayed by 337 epifluorescence microscopy at various time points following virus infection. Faint native fluorescence 338 could be detected in less than 24 hours post-infection, whereas peak expression was observed by 2-3 339 days post infection (DPI), followed by a gradual decline in transgene expression levels at later times 340 ( Supplementary Fig. S3 ; see also Supplementary Fig. S4 ). Widespread viral transduction and transgene 341 expression was achieved, with labeled neurons located across the cortical depth, as visualized by EYFP 342 native fluorescence and immunohistochemical (IHC) detection of GFP protein (Figure 4) . Although virus 343 infected neurons could be observed throughout the z-depth of the slice, a gradient of labeling density 344 was typically observed with more transgene expressing neurons nearest the exposed slice surface. 345
Although virus-labeled neurons were found throughout all cortical layers, there was a reproducible 346 bias with the most extensive transduction of neurons within layer 2, deep layer 3, and layer 4 ( Figure  347 4b). Co-immunostaining for NeuN and GFP protein revealed that the viral transduction was exclusively 348 neuronal in human neocortical brain slice cultures, with three distinct HSV-1 amplicon vectors tested 349 (Figure 4c observed Ca 2+ transients reflected action potential firing of the neurons, we performed simultaneous 401 epifluorescence imaging and patch clamp recording and electrical stimulation via the patch pipette to 402 drive neuron firing at frequencies from 1-50 Hz. Graded responses in the amplitudes of the peak fluorescence were observed, as expected, with a detection threshold of ~3 action potentials (Figure  404 6c). In a separate experiment, we transduced cultured human hippocampal slice cultures derived from 405 a temporal lobe epilepsy patient with HSV-GCaMP6s virus and performed live confocal imaging of 406 dentate gyrus granule cells at 4 DIV/4DPI (Supplementary Movie S1). Robust carbachol-evoked Ca 2+ 407 transients were detected across a population of neurons in the granule cell layer (Figure 6d ). 408
Collectively, these experiments demonstrate that GCaMP6s-expressing neurons in adult human brain 409 slice cultures were functionally intact and amenable to monitoring of spontaneous or evoked activity Earlier studies using adult human ex vivo brain slices alluded to an extended viability of the tissue but 415 with no direct experimental evidence in support of this claim 6,8,34,35 . It seems this anecdotal evidence 416 has gone largely unnoticed, and perhaps much more is possible in the way of human brain slice 417 functional studies than has been widely appreciated in the neuroscience community. We provide the 418 first detailed functional characterization to substantiate the remarkable viability and longevity of 419 human ex vivo brain slices, consisting of a quantitative time course analysis of single neuron 420 electrophysiological properties sampled over 75 hours following removal from the intact brain of a 421 patient and processing into tissue slices. Surprisingly, the neuronal membrane properties for the 422 sampled neurons were well-preserved, with only resting membrane potential and rheobase modestly 423 altered over time. This evidence clearly demonstrates that, under certain conditions, neurons in these 424 brain slices can remain viable and healthy, and that basic functional properties can be continuously 425 measured for extended periods. This is a highly desirable outcome given the limited opportunity to 426 carry out research studies on precious human neurosurgical specimens. The exact procedure and 427 conditions for collection and processing of the surgical specimens are likely to be important to 428 achieving the extended human brain slice viability in our experiments. In particular, we applied the 429 NMDG protective recovery method of brain slice preparation 22 , a method that improves the viability 430 of adult rodent brain slices but that had not previously been applied to human brain tissue. Apart from 431 the methodological considerations, the exact cellular mechanisms responsible for the remarkable 432 viability of adult human ex vivo brain slices (in comparison to rodent brain slices) is of great interest 433 and remains to be explored. 434
435
The robustness of our human ex vivo brain slices was leveraged to establish an organotypic brain slice 436 culture platform. We opted to focus on cultures of less than one week, where structural and 437 functional properties are reasonably maintained with minimal perturbation, to be as comparable as 438 possible to measurements obtained using gold-standard acute slice preparations. This is in contrast to 439 recent work that explored optimal conditions for long-term cultures of human ex vivo brain slices for In the present work, we circumvent some of the confounding effects of prolonged culture by 453 the judicious choice of virus type for rapid onset and high-level transgene expression. HSV-1 amplicon 454 vectors exhibited the following desirable features: strong neurotropism, rapid onset of transgene 455 expression, high peak expression levels, and minimal neurotoxicity in this early time window 23,31 . We 456 achieved widespread labeling of human neocortical neurons in cultured brain slices within days 457 following transduction with HSV-1 amplicon vectors encoding fluorescent reporters and optogenetic 458 probes. This viral labeling is considerably more rapid than the two weeks required to achieve 459 functional expression of ChR2-EYFP in human slices using lentivirus 21 . Despite this much shorter 460 period following viral transduction, we achieved equivalent levels of ChR2-mediated photocurrent in human pyramidal neurons, as well as precise light-evoked action potential firing. Furthermore, we 462 provide the first demonstration and feasibility of applying a genetically-encoded calcium indicator 463
GCaMP6s to monitor the activity of adult human neurons, including analysis of population dynamics, in 464 local brain circuits. By combining optogenetic actuators and spectrally-compatible activity indicators, it 465 should be possible to carry out all-optical interrogation of human brain circuits in this brain slice 466 platform, similar to what has been demonstrated in the mouse brain 36, 37 . 467
468
The ability to deliver viral payloads to particular cell types in adult human brain tissue, combined with a 469 diverse suite of modern molecular genetic tools, could accelerate human brain research with particular 470 emphasis on cellular resolution functional studies. Although our current study builds towards this aim, 471 further innovations are necessary to both refine and diversify the genetic expression strategies that are 472 applicable to human ex vivo slices. Previous work has demonstrated the feasibility of achieving cell 473 type-specific transduction and transgene expression with HSV-1 vectors in rodent brain 38-41 , including 474 for broad classes of neocortical neurons 42 . It is also anticipated that viral vectors utilizing Cre 475 recombinase-dependent expression strategies can be applied, and multiple studies have succeeded at 476 applying intersectional expression strategies using viral vectors in the non-human primate brain 43, 44 . 477
Whether such viral tools can achieve high specificity with sufficiently rapid transgene expression in the 478 context of human ex vivo brain slice cultures is still an open question. This represents an important 479 next step towards enabling a precise genetic dissection of human local neocortical circuits in both 480 health and disease. This platform may also serve as a valuable and unique new proving ground for viral 481 vectors on the path toward human gene therapy applications. Such a strategy could help to minimize 482 negative impacts to patients by first verifying tolerability and functionality of the viral vectors directly 483 on adult human brain tissue in vitro, and for confirming selective targeting of cell types of interest. 484
Taken together, the overall innovative approach of rapid genetic labeling in adult human ex vivo brain 485 slices may be suitable for addressing a wide range of experimental questions about the functions of 486 human brain cell types and circuits that were previously not feasible. 487 640 
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